Gnetales comprise three unusual genera of seed plants, Ephedra, Gnetum, and Welwitschia. Their extraordinary morphological diversity suggests that they are survivors of an ancient, more diverse group. Gnetalean antiquity is also supported by fossil data. Dispersed ''ephedroid'' (polyplicate) pollen first appeared in the Permian >250 million years ago (Myr), and a few megafossils document the presence of gnetalean features in the early Cretaceous. The Cretaceous welwitschioid seedling Cratonia cotyledon dates the split between Gnetum and Welwitschia to before 110 Myr. Ages and character evolution of modern diversity are, however, controversial, and, based on molecular data, it has recently been suggested that Ephedra is very young, only 8 -32 Myr. Here, we present data on the evolutionary history of Ephedra. Fossil seeds from Buarcos, Portugal, unequivocally link one type of Cretaceous polyplicate pollen to Ephedra and document that plants with unique characters, including the peculiar naked male gametophyte, were established already in the Early Cretaceous. Clades in our molecular phylogeny of extant species correspond to geographical regions, with African species in a basal grade͞clade. The study demonstrates extremely low divergence in both molecular and morphological characters in Ephedra. Features observed in the fossils are present in all major extant clades, showing that modern species have retained unique reproductive characters for >110 million years. A recent origin of modern species of Ephedra would imply that the Cretaceous Ephedra fossils discussed here were members of widespread, now extinct sister lineage(s), and that no morphological innovations characterized the second diversification. molecular phylogeny ͉ fossil record ͉ Gnetales ͉ molecular dating
T
he extraordinary form and habit of the three extant genera of Gnetales have fascinated and puzzled botanists ever since the discovery of Welwitschia (1) in the Namib desert in 1860, and the group continues to be central in ongoing discussions about seed plant phylogeny (2) (3) (4) (5) (6) (7) (8) . However, we do not yet have a clear understanding of the phylogenetic position of the Gnetales, and its fossil history is poorly known. Drewria potomacensis (9) and Eoantha zherikhinii (10) can unambiguously be assigned to the Gnetales, and a welwitschioid fossil seedling, Cratonia cotyledon (11) , from the Early Cretaceous of Brazil, clearly belongs to crown group Gnetales, based on the presence of an embryo feeder and a unique venation pattern, shared by the fossil and Welwitschia (11) (12) (13) . These fossils show that Gnetales were more diverse in the past than they are today, and Cratonia provides a minimum age of Ϸ110 million years (Myr) for the split between Gnetum and Welwitschia. Morphological and molecular analyses of relationships within the Gnetales have been congruent in placing Ephedra as sister to Gnetum and Welwitschia (3, 5, 8) , and the split between Ephedra and the Gnetum-Welwitschia lineage must therefore be older. This early divergence of major gnetalean lineages does not necessarily imply that modern diversity was established in the Early Cretaceous. The age of extant Ephedra was recently estimated to by using molecular sequence data (rbcL) and assuming a constant rate of evolution calculated by landmark event calibration (14) . The result ref lects the low amount of divergence between rbcL sequences within the genus and the assumption of clock-like substitution rates.
The 35-45 modern species of Ephedra (15) are similar also in gross morphology, with decussate branching, reduced leaves, and ovulate cones, often with f leshy bracts and seeds with an inner integument and an outer envelope. The apical part of the integument is extended into a micropylar tube that serves for pollen reception. The pollen cones consist of stalked microsporangia surrounded by paired bracts. Pollen grains are distinct, with longitudinal ridges and valleys (polyplicate), due to alternation of thicker and thinner exine regions. During germination, the exine is shed, leaving the male gametophyte naked (16) , and the shed exine curls up in a characteristic way, resulting in transverse striations (16) . Dispersed polyplicate pollen, similar to that of Ephedra and Welwitschia, occurs in sediments ranging back to the Permian, Ͼ250 Myr (17), and is particularly common in the Early Cretaceous (18) , but their presumed affinity to the Gnetales has rarely been confirmed. Eoantha zherikhinii (10) , an Early Cretaceous gnetalean ovule with an extending micropylar tube, contains polyplicate pollen of Ephedripites-type w ith intact ex ines. Further, Welwitschia-type pollen was found in association (not in situ) with Drewria potomacensis (9) , but in general, little has been known about the plants that produced the so called ''ephedroids.' ' The discovery presented here, of exceptionally wellpreserved fossil seeds with unique Ephedra characters and in situ polyplicate pollen, documents that some Cretaceous polyplicate pollen was produced by Ephedra plants. The fossils and a molecular phylogeny contribute data on the evolutionary history of Ephedra.
Methods
Morphological Studies. The fossils were collected from the Early Cretaceous Buarcos locality, situated north of Figueira da Foz, Portugal, locality details in Friis et al. (19) . The plant-bearing sediments were previously assigned to the ''Arenitos de Carrascal'' and thought to be of preAlbian age (Barremian or Aptian) (19) . The sequence is now included in the lowermost member (Calvaria Member) of the Figueira da Foz Formation established recently by Dinis (20) . The age of this part of the sequence is late Aptian to early Albian, or perhaps early Albian (21) . The coalified fossils were extracted from the sediment by sieving in water and cleaned with hydrochloric and hydrofluoric acid, and water. They were initially investigated by using a stereomicroscope. For light microscope studies, seeds were macerated by using nitric acid followed by ammonia or by using sodium hypochlorate. For scanning electron microscopy (SEM) studies, specimens were mounted on aluminum stubs, coated with gold in a sputter coater, and examined with a Hitachi 4300 field emission scanning electron microscope at 5 kV. Twenty-five species of extant Ephedra (Table 1) were investigated for the presence of papillae on the apical, inner surface of the outer envelope, by using a stereomicroscope.
Taxon Sampling and Gene Sequencing. Taxon sampling was designed to investigate the phylogeny of Ephedra. Representatives from all major continents were selected ( Table 2) . We have sequenced two chloroplast genes [the ribulose-bisphosphate carboxylase large subunit (rbcL) and the small ribosomal protein 4 gene (rps4)], and three nuclear ribosomal regions [1, 230 bp from the large subunit (26S), the small subunit (18S), and the internal transcribed spacer 1ϩ2 (ITS)]. The intron and spacer of the chloroplast trnL-F region were also sequenced, but they contained no variation. Primer sequences and references are given in Table 3 . The ITS primers 18SF and 26SR were designed for seed plants and have proven useful on a range of land plants. DNA was extracted, amplified, and sequenced by using standard methods. Fragments were assembled and edited by using the STADEN package (22).
Alignment and Analyses. All sequences were aligned by using computer software BIOEDIT (23) . No insertion͞deletion events were found in rbcL. A 6-bp deletion was inferred in all rps4 sequences of Gnetum and Welwitschia, and an additional 3-bp deletion for Welwitschia. Insertion͞deletion events in the nuclear 18S, ITS, and 26S rDNA sequences were inferred by eye. Gaps were treated as missing data in the alignment and added as binomial characters (absent or present) at the end of the matrix. All trees were rooted on the sister group of Ephedra, the Gnetum-Welwitschia clade (8) .
Bayesian analyses were performed with MRBAYES 3.0 (24) by using the general time reversible (GTR) model with ␥ distributed rates and a proportion of invariable sites. The data set was partitioned into six data partitions (18Sϩ26S; ITS; rbcLϩrps4 1st codon positions; rbcLϩrps4 2nd pos; rbcLϩrps4 3 rd pos; and indels). Each partition was allowed to have its own unique GTR plus gamma plus proportion of invariable sites model. The indels were treated as a morphological data partition. We ran 600,000 generations, with a sample frequency of 100, four parallel chains, and all other options at their default values. The majority rule consensus of trees from the last 100,000 generations was calculated in PAUP* 4.0B10 (25) . Most parsimonious trees were calculated by using the heuristic search option in PAUP*, 500 random sequence additions, tree bisection reconnection branch swapping, and multrees off. Support values were obtained by using bootstrap in PAUP*, performing 1,000 replicates with 10 random sequence additions.
Results and Discussion
The seeds, discovered from the Early Cretaceous Buarcos locality in Portugal, are ovoid, 0.85-1.2 mm long, rounded at the base, and provided with an acuminate micropyle (Fig. 1A) . The seeds have two tissues: an inner, membranous integument and an outer envelope of sclerenchymatic cells. The outer envelope often splits apically into four valves, exposing distinct papillae (Fig. 1B) on their inner surface. The papillae are identical in shape and position to those described for extant Ephedra distachya and Ephedra altissima (26) , where they are thought to provide support for the micropylar tube, and to close the gap between the micropylar tube and the outer envelope (26) . Polyplicate pollen occurs in situ in the micropylar tube (Fig. 1C) . The pollen grains are ribbed with 10 -15 visible ribs. The surface of the pollen wall is indistinctly rugulate (Fig. 1D ), a feature also observed for Ephedra foliata (27) . Maceration of the seeds revealed shed, upcurled exines inside the integument (Fig. 1E) , matching completely the unusual shed exines of extant Ephedra (16) . The shed exines indicate that the pollen grains had germinated in the ovule, leaving the male gametophyte naked in the same peculiar way described for extant Ephedra (16). To investigate whether the fossils could be assigned to any particular group within Ephedra, we studied the seed characters in a phylogenetic context. Attempts have been made previously to resolve the phylogeny of extant Ephedra (28) , but the paucity of information in most gene regions makes it difficult to get resolved results. The phylogenetic framework used here was established by using Bayesian (Fig. 2) and parsimony analyses of five gene regions from the chloroplast and nuclear genomes (the chloroplast genes rbcL and rps4, and 18S, 26S, and ITS from the nuclear ribosomal DNA). Based on the resulting phylogeny, we conclude that Stapf's widely used classification system from 1889 (29) , founded on the morphology of ovulate cone bracts, is artificial. Major well supported groups correspond to geographical regions, and dry membranous bracts are present in several clades. African species constitute a basal grade or clade within Ephedra. Some of the basal species are restricted to Africa (e.g., E. altissima); others have a broader distribution in the Old World, extending from Africa into Asia or southern Europe. Ephedra alata, E. altissima, Ephedra aphylla, Ephedra campylopoda, Ephedra fragilis, and Ephedra major share a 26-bp deletion in ITS (pos. 860-886 from the end of the primer 18SF), supporting their status as a clade. Ephedra ciliata and E. foliata do not have this deletion, and their systematic position is unclear. In Bayesian analyses, the basal (African) species form a grade (Fig. 2) ; in the most parsimonious trees they are monophyletic. Neither of these alternatives is well supported, and further studies are needed. All non-African species belong to a clade that probably originated in Asia. Here, Bayesian and parsimony analyses produced congruent topologies. Of the four investigated European species, three are present also in Africa (E. major, E. fragilis, and E. campylopoda) and they belong to the basal grade͞clade of African species. The European species Ephedra distachya has a broad distribution extending from Spain to Russia and China, but is absent in Africa. The two representatives of E. distachya included in this study are highly supported within one of the Asian clades. According to our results, Ephedra procera, which is generally considered a subspecies of E. major, is instead related to Ephedra equisetina. This finding should be further investigated with a more extensive species sampling. New World species are monophyletic and may have originated from within the Asian clade. They comprise two well-supported groups: a South American and a North American clade. Dry membranous bracts occur in the North American clade but also in one of the basal African species. The character differs in detailed morphology between species and has probably evolved several times. The Cretaceous flora probably contained species with dry bracts, as well as species with fleshy bracts, but this result has not been thoroughly studied yet.
From the correspondence between clades and geographical regions, it is clear that major groups originated after the final rifting of the Gondwana continent. A possible origin of Ephedra in Africa is interesting because the diversity of ephedroid pollen grains is particularly high in Early Cretaceous palaeoequatorial regions of Africa-South America (30) . However, this connection is only relevant if the molecular dating of extant Ephedra to Myr (14) is incorrect. The Cretaceous seeds presented here share a number of unique characters with extant Ephedra. Polyplicate pollen lacking a colpus and seeds with an outer envelope with apical papillae constitute obvious derived characters shared by the fossils and extant Ephedra. Shedding and upcurling of the pollen exine during germination represent another synapomorphy unique to Ephedra. The polyplicate pollen grains of Welwitschia have a distinct colpus through which germination occurs and the exine is not shed (C.R. and E.M.F., unpublished results). All characters of the fossils are present in all extant groups, and it was not possible to include the seeds in any particular subgroup. Papillae were found on the apical, inner surface of the outer envelope in all investigated specimens (representatives from all major extant clades, species marked * in Fig. 2 , and other species; see Table 1 ). Our analyses indicate that there is very little variation in key reproductive structures in fossil and extant Ephedra. The same is true for molecular data where we have investigated three nuclear and three chloroplast sequences. They contained few informative characters, and one sequence, the trnL-F region, was nearly invariable.
Concluding Remarks. The co-occurrence of dispersed ephedroid (polyplicate) pollen and megafossils with distinct gnetalean vegetative morphology, for example in the Araripe Group (11, 31, 32) and in the Potomac Group (9), has strongly suggested that these Early Cretaceous ephedroid grains were produced by gnetalean plants. The new discovery of Ephedra seeds with polyplicate pollen in situ provides direct proof for the association. The fossils document that plants with unique Ephedra characters were already present in the Early Cretaceous, characters such as the apical papillae on the seed envelope and the peculiar shedding of the pollen exine, which leaves the male gametophyte naked. Ephedra may even have been diverse and widespread at that time. Dispersed polyplicate pollen occurs frequently in Cretaceous sediments from low palaeolatitudes (18, 30) . Our results support the idea that Ephedra-plants produced at least some of these grains. Further, Early Cretaceous fossils from the Crato Formation in Brazil (B. Mohr, personal communication) and the Potomac Group, zone 1, USA (P. Crane, personal communication) have a morphology very similar to extant Ephedra. The same has also been reported from China (33) and now from Portugal. Together, these findings indicate that both reproductive and vegetative features characterizing extant Ephedra were fully established and widespread in the Early Cretaceous flora, and suggest that crown group Ephedra might be of Mesozoic origin. The alternative hypothesis inferred from molecular dating (14) , that the crown group is young (8-32 Myr), needs more research. We have tested the proposed age for Ephedra with commonly used methods for molecular age estimates, but found that without a calibration point within Ephedra, which may be difficult (impossible?) to attain due to the conserved morphology of the genus, the results of penalized likelihood analyses are dubious. A late differentiation of crown group Ephedra would imply that the lineage experienced two major radiation events, one in the Early Cretaceous resulting in widespread, but now extinct stem group(s), and a second radiation in the late Cenozoic resulting in the modern diversity. The implication of this hypothesis is that all characters of modern Ephedra have remained unchanged for Ͼ110 million years, through the second major diversification. This scenario seems incompatible with the hypothesis of constant substitution rates within the lineage (14) , but clearly further testing and development of methods for molecular dating is needed to clarify conflicts between molecular signals and the fossil record. 
